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SUMMARY 


A calorimeter has been developed under this study to help meet 
the needs of accurate performance monitoring of electrically or 
mechanically actuated flame and gas producing devices, such as 
squib-type initiators. A ten cubic centimeter "closed bomb" 

(closed volume) calorimeter was designed to provide a standard 
pressure trace and to measure a nominal 50 calorie output, using 
the basic components of a Parr Model 1411 calorimeter. 

Two prototype bombs were fabricated, pressure tested to 2600 
psl, and extensively evaluated. Tne system water equivalent was 
measured as ?84 cal/C°. Monitoring of temperatures to + 0.001 C° 
was found to be feasible. Measurements of 50 calories to an 
accuracy of + 1 calorie are easily obtainable. Greater accuracy 
is possible with appropriate attention to details of technique. 

A cycling time (or time to complete the test of one Initiator) of 
one hour was deemed feasible. 

Calibration was accomplished using electrical heating of a 
resistor In the bomb by capacitor discharge and by constant 
current. Problems associated with measuring small quantities of 
heat are discussed Including the effects of room temperature, 
stirring, bearing friction, stirrer belt tension, initial stabili- 
zation period and others. Actual Initiators were not tested. 

Calibration data subsequently obtained by the Harry Diamond 
Laboratories using this apparatus Is Included In an appendix. 
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1. INTRODUCTION 

The need often arises for accurate measurements of the eutput 
performance of a variety of electrically or mechanically actuated 
flame and gas-producing devices, such as squib-type initiators. 
Examples of these needs are quality control during manufacture, lot 
acceptance testing, determining the effects of environments, and 
obtaining design information for use of the device in subsequent 
systems. The most commonly used performance monitoring standard 
relies solely on measuring the pressure produced in a ten cubic 
centimeter "closed bomb" (closed volume). ^ Some separate attempts 
have been made to measure the caloric output of these flame and gas- 
producing devices, but since their output is often in the order of 
50 calories, accuracy has been lacking with existing apparatus. 

The purpose of this study was to develop a ten cubic centimeter 
closed bomb calorimeter, providing a precise heat energy measurement, 
as well as the standard pressure trace. 

1 . 1 The Scope of Work (Quoted in part from the contract document.) 

Make a theoretical analysis of the feasibility of using a 
modified No. 1411 heat powder calorimeter with the specifications 
outlined below for measuring the heat output of Apollo standard 
initiators. If the analysis shows that the No. 1411 calorimeter 
is not suitable, consider using a copper-block type calorimeter. 

After the theoretical analysis is complete, design and build 
a calorimeter with the following specifications to measure the 
heat output of standard Apollo initiators: 

(1) Precision within +5 cal with a 50 cal. input. 

(2) Withstand peak pressure of 650 psi generated 
as an impulse in about 1 ms or less (subse- 
quently raised to 3000 psi static pressure by 
HDL ) . 


— 

Bement, Laurence J.: "Monitoring of Explosive/Pyrotechnic Performance" . 

Presented at the Seventh Symposium of Explosives and Pyrotechnics 
(Philadelphia, Penn.) September 8-9, 1972. 
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(3) Internal volume of calorimeter must be 10 cc 
and shape must duplicate Initiator tester 
now used by NASA. 

(4) Calorimeter must contain one and preferably 
two pressure transducers with output cables. 

(Transducers will be furnished by NASA and 
no pressure measurements will be made by 
contractor ) . 

(5) Calorimeter must be reusable for at least 
1000 tests. 

(6) Recycle time must be less than 1 hour. 

Calibrate calorimeter using a known electrical input and deter- 
mine precision calculated for 95% of all values at a 90% confidence 
level. Summarize details of analyses, design, calibration, and 
evaluation of the calorimeter In a summary report. 

1 . 2 Background Work 

Bomb calorimetry is a well known field having techniques 
standardized over the years. Such techniques have been utilized to 
measure the heat output of heat powders by the Harry Diamond Labora- 
tories (HDL ) . Customarily several hundred to several thousand 
calories are generated so that calorimeters having water equivalents 
of several hundred cal/C° will experience temperature rises of about 
a degree or more. Mercury in glass thermometers provide a tempera- 
ture measurement accuracy of about + 0.01°C. 

A frequently used calorimeter for heat powder measurements is 
the Parr Model 1411 , which was suggested by HDL for this investi- 
gation. This apparatus was loaned to VMIRL for these studies. A 
bomb was designed to comply with the requirements of the Scope of 
Work, and also to be compatible with the vacuum flask which is a 
standard component of the Model 1411. 


^Comyn, Raymond H.; and Marcus, Ira T.: Summary of Heat Powder 
Calorimetry. Diamond Ordnance Fuze Laboratories TR-862, August 
1 960. 

^Parr Instrument Co., 211 Fifty-Third St., Moline, Illinois 61265 
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The chief problem was the measurement technique for detecting 
a temperature rise with «r. accuracy of a few thousandths of a 
degree. This was necessitated by the requirement to measure 50 
calorics using a metal bomb hiving a mass of several hundred grams 
(In order to meet the volume and pretiure requirements) plus 
several hundred grams of water necessary to co.'er the bomb, stirrer 
and temperature detector. 

Several problems were assocf* * vita the design of the bomb 
to meet the small volume requl rear r at ? test ^reisure of 3000 
ps 1 and to malntalr a partlc u? av d«. K.r / ressure port for 

the transducer. 
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2. FEASIBILITY ANALYSIS 

The use of well designed, "off the shelf" components already 
tested in various uses is an obvious advantage. To assess the 
feasibility of using a Parr Model 1411 Calorimeter, a theoretical 
analysis was performed on the quantities of heat absorbed by each 
of the components to see If the required precision of measurement 
was possible. 

Althouoh this model is designed to be used with 450 gm of 
water, It was found possible to use 250 gm and still cover the 
proposed bomb for the Initiator. 

A summary of representative values will give the reader a 
better understanding of the precision of measurement needed. 

Assume : 

1. 200 gm of stainless steel bomb of specific 
heat 0.1 ral /gm C° . 

2. 250 gm of water to cover the bomb with 
adequate depth for stirring. 

3. 54 calories generated by the Initiator. 

Find: The temperature rise which results. 

loUnion: Q = [(mc) bornb + (">c) wate J AT 

54 = [(200 x 0.1 ) + ( 2 b 0 x 1)] AT 

AT 20 + 250 ” = 0,20 C ° 

Precision Required : For the + 10* precision called 

for in the Scope of Work the value of AT must 
be 0.2 C c + 10% or better. This Is 0.20 + .02 C°. 

While the above precision is within the limits of a mercury In 
glass thermometer, it is clearly not as satisfactory as could be 
desired. The quartz crystal thermometer (such as the Hewlett 
Packard Model 2801 A) has an absolute accuracy of + 0.0C2 °C when 
properly calibrated and corrected. For differential measurement!, 
particularly where the differential Is small, its accuracy In 
measuring AT is better, certainly + 0.001 C°. For a AT of 0.20 C° 
this is a precision of 1 In 200 or 1/2%. 
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Precision of Ot her Components 

The mass of water used can cortalnly be measured by an 
analytical balance to less than 1 gm In 250 yielding a precision 
of less than 1/2* In fact a volumetric pipette could suffice 
for this purpose. The precision of the water equivalent remains 
be determined, however, repeated calibration run, should give 
1 tu .lue to a few percent or less. 

On basis of the above considerations, the Parr Model 1411 

was deemed V- -uate for the project and a specific bomb design was 

begun to fit the 'cuum flask which was a component jf this model 

•* 

of calorimeter. The ,.-ror analysis in Appendix A gives specific 
sample values taken fro..- ctual data and provides a more exact 
evaluation of the precision . • each part of the measurement. 
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3 . 8 ON! DESIGN 


fhe following criteria wort considered In the design; 

1. An Internal volume of 10.0 ♦ 0.6 cc 
Including trmsduetr port. ~ 

2. Withstand 3000 psl to account for any 
unanticipated transient pressures. 

3. East of interchange between Initiators 
and calibration devices with a minimum 
change of mass which would affect the 
water equivalent. 

4. Ease of cleaning after each test. 

5. Minimization of the water equivalent by 
minimizing the total mas* and the height 
which must ne covered by water. 

6. Minimization vf wall thickness to reduce 
thermal gradients. 

7. Adequate space beside and/or above tne 
bomb for hanger, stirrer, temperature 
detector(s) and fcfectrlcsl leads fo*' the 
pressure transducer and for firing the 
Initiator, or calibration. ‘ 

6. Compatibility with the vacuum flask of the 
Parr Model 1411 Calorimeter. 


Fig. 1 Is a photograph of the bomb parts. An assembly drawing 
and detail drawings of each part are shown In Appendix B. Two 
prototypes were fabricated from those drawings and wore designated 
Model 1 and Model 2, with components stamped with a "l* or "2" to 
facilitate Identification. Masses in grams are as follows (nomen- 
clature Is that found on the detail drawing): 




ASSEMBLED BOMB 
WITH INITIATOR 


of Soeb Parts 
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Cup w/Pr* ssure fitting and 
Ttflon Tap* 

Nut 

Cap w/Teflor Gasket 

f'lug w/Cal 1 bratlen Resistor, 

Connector, and O-Rlng 

Complete Assembly Total 

Transducer w/copper and brass 
washers 

Initiator after firing (av.; of 4) 

The two moo«H differ In total mass by 0.03% for in average 
mass as follows: 

bonb w/cal Ibratlon plug and reslitor 

Bomb w/cal ibratlon , plug, resistor and 
pressure transducer 

bomb w/spent Initiator anc pressure 
transducer but w/o calibration plug and 
resl stor 

The Initiator, calibration resistor plug and transducer each 
have mating electrical connectors which are partially nr totally 
below the water. The masses of tnese are small and have not been 
included. 

Slight modi f 1 catloni to the Parr Model 1411 Colorimeter were I 

necessary. These Included an extension of the stirrer shaft and 
bomb support, removal of the thermometer support rod and fabrication | 

of a cover clamp for the electronic thermometer probes. These 
modifications ore detailed In Appendix C. J 

I 

I 


188.2 gm 

203.8 

207.9 


Model 1 Mo del 2 

105 0387 gms 105.0318 gms J 

50.3210 50.3012 j 

24.6547 24.6668 

- B.jMB Vi 7J4 | 

188.2172 188.2722 J 

15.6092 gm 

I 

12.2730 
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4. CALIBRATION METHODS 

It Is desirable to provide more than one calibration method as 
a verification of the technique and measuring apparatus used. In 
this case the methods considered were heat powder and resistive 
heating from two sources, one from a capacitor discharing through 
a resistor and one from constant voltage. 

4 , 1 Heat Ro w der 

Heat powders are presently available from the National Bureau 
of Standards with certified values In the nominal region of 400 
calorles/gm. These require Ignition by hot wire and are susceptible 
to Incomplete combustion when used In small quantities unless the 
sample is well confined, for 50 calories the sample would be 1/8 gm 
and while larger quantities could be usee, the calibration for very 
large quantities of heat could differ from the calibration for 50 
calories . 

In addition, there are problems of having the sample adequately 
dried, weighed, and Ignited In an Inert atmosphere. Results depend 
somewhat on the pressure of this atmosphere. Moderate safety pre- 
cautions are necessary In handling and results may be somewhat 
variable in the hands of persons not familiar with heat powders. 

,4 ._l Capacit anc e Dis charge 

To store GO calories or 210 joules of energy In a capacitor 
requires either high capacitance values or large charging voltages. 
At about 100 volts a capacitance of about 42,000 microfarads is 
required. Such capacitances are avalable only in electrolytic 
type capacitors unless many individual units of another type are 
assembled in parallel. 

Un fortunately electrolytic capacitors exhibit dielectric 

absorption, a phenomenon which is characterl zed by the recovery of 

a voltage across the plates following discharge. An alternative 

explanation Is that the apparent capacitance Is not constant with 

voltage curing discharge as 4 n an Ideal capacitor but Instead the 

capacitance Increases and the plot of charge vs voltage Is non- 

2 

linear. Therefore the energy stored is not given by CV / 2 as Is 
true for an ideal capacitor. 
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This method was extensively Investigated including use of 
larger capacitors than necessary so that they might be only partially 
discharged. To mhilmUe the dielectric absorption effects, two 
capacitors In parallel of total value 0.064 farads were discharged 
from 100 volts to 70 volts and, although the variation of capacitance 
over this range was sufficiently small, the voltage recovery near 70 
volts amounted to 1.5 to 2.2 volts. This made it difficult to com- 
pute the energy actually supplied to the resistor as heat. The 
resistor used was 300 ohms giving an electrical time constant, RC, 
of 25 seconds.- The peak current was then 1/3 ampere with a peak 
power of 33 watts. Other considerations are included In Sec. 4.3. 

This method was compared with that using a constant voltage 
and the two energies so generated would agree quite well if the 
final voltage, at the end of the discharge near 70 volts, was 
taken 15 to 25 minutes following the discharge. That is, the final 
voltage used In the energy calculation should be that taken some 
time after the discharge has ceased and the capacitor has had a 
chance to recover. This makes this method somewhat Impractical and 
uncertain but, with proper care on the part of the personnel using 
It, it can be a secondary or backup calibration procedure. (See 
Appendl x D. ) 

4.3 Joule Heating (Rl^t) 

A constant voltage applied for a known time to a resistor of 
sufficient wattage rating to prevent excessive heating, results In 
a conversion of electrical energy to heat which can be accurately 
measured. A nominal 300 ohm, 5 watt resistor was selected for the 
following reasons: 

a) Reasonable voltages could be applied to generate 
the needed heat In about one minute. 

b) Its pnysical size was the largest which would 
fit inside the bomb and pass through the 3/8“ 
hole In the cap. 

c) Its resistance is high enough to make contact 
resistance negligible although a correction 
should be made for the small diameter connecting 
lead. 
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Immersion of the resistor In water Inside the bomb appreciably 
Improves the heat transfer and assures that the temperature rise 
at all times Is too small to change the resistance as much as 0.05%. 
The resistor must be sprayed with acrylic to prevent electrolytic 

action between its leads and the water. Various alternatives are 

? 2 

available in calculating the energy; Vlt, RI t or V t/R. Iri 
addition to time, it is necessary to measure two of the three 
quantities; resistance, voltage, and current. It was decided here 
to measure the resistance with a Wheatstone bridge and to obtain 
the current by reading the voltage across a high precision 10 ohm 
resistor in series with the bomb calibrating resistor. T he 
decision to use I rather than V was based on the following: 

a) If V were measured it must be taken to include the 
drop in the leads and then corrected whereas the 
current is the same at all points. 

b) The Wheats jr.e bridge permits a measurement of the 
resistance of the 10 ohm precision resistor and the 
300 ohm bomb resistors before and after a run as a 
check. No measurements r.aed be taken during the 
run except the voltage across the 10 ohm resistor. 


c) The voltage across the 10 ohm resistor is nominally 
1 volt (I = 0.1 Amp = 30 volts/300 ohms). This is 
readily measured to four digits with a digital 
voltmeter to an accuracy of + 1 mv or 0.1%. 

A procedure for the calibration is given in Appendix E. 
Included in Appendix B is a circuit which permits starting the 
electrical timer simultaneously with the application of a constant 
voltage to the bomb calibration resistor. The voltage across the 
10 ohm resistor is conveniently read at terminals provided and a 
dummy 300 ohm resistor is available for roughly adjusting the 
current prior to the run. 
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5. PROBLEMS ASSOCIATED WITH MEASURING 
MINUTE QUANTITIES OF HEAT 

Calorimetry involving large quantities of heat minimizes the 
need for highly accurate allowances for stirring energy, transfer 
with the surroundings, stirrer bearing friction and the like. 
However, in a measurement of 50 calories, effects whnch might be 
ignored or grossly corrected for in the more common' bomb calorimetry 
must be reduced and/or made to cancel out. Hopefully many of these 
can be evaluated. A chief concern in this study was tne Identifica- 
tion of all the sources of heat generation and transfer and the 
estimation or actual measurement cf values for them. 

5.1 The System - Its Parts and Its Surroundings 

Fig. 2 is a schematic representation of the system. A nhoto- 
graph of its parts is shown in Fig. 3. Temeprature sensors are 
located at B and C. 



A — /n’hzri&r 

Cahnrne'hsr Wokr 
C - A mbtc.ni' Air 
£)— £<2ar)nQ 


G 


/“/y. 2 — Transit r 'Sy'S’fem ma'h'r 





Fig. 3. 


Photograph of Calorimeter Components 
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Heat Is generated within the system by conversion from: 

a) mechanical energy at 0 due to bearing and belt 
friction, both functions of belt tension 

b) mechanical energy at B due to viscous friction 
of the stirrer in the calorimeter water 

c) electrical energy at B from the power to operate 

the pressure transducer which contains an Integrated 
cl rcui t 

d) electrical energy at A during calibration due 
to resistive heating 

e) chemical energy at A during initiator tests due 
to ignition of the initiator 

Exchanges with the surrounding room occur through 

f) radiation through the various jacket layers 

g) conduction through the jacket, along the stirrer 
shaft, along the temperature sensing probes or 
connecting cables 

h) convection effects beneath the cover and outside 
the jacket. 

Thermal gradients must be established throughout all parts of 
the system whenever a change of temperature occurs, i.e., con- 
tinuously but very slowly in the uses described here. Whenever 
such gradients cease to change, equilibrium has been established. 
In this system the temperature sensors are of such high resolution 
that equilibrium is rarely effectively established and one must be 
satisfied with near equilibrium or quasi-steady state conditions. 

5.2 Non-Ten;p erature Dependent Transfers 

Items (a) through (e) in Sec. 5.1 constitute transfers which 
are temperature independent. Item (a), the bearing friction, Is 
slightly temperature dependent in that 

(1) the bearing temperature increases during operation 
thereby producing increased radiation, convection 
and conduction which are temperature dependent 
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(2) the bearing friction increases with decreasing 
ambients due to increased viscosity of the 
bearing lubricant. 

These effects were believed to be second order effects and were 
neglected. 

For this general class of transfers, the rate of heat flow, 
dQ/dt, will be designated as dQ/dt = N. A theoretical treatment 
of this transfer will be found in Appendix F. 

Fig. 4 shows the effect of two of these non-temperature 
dependent transfers, a changing belt tension and the transducer 
power . 

5.3 Temperature Dependent Transfers 

Items f, g, and h in Sec. 5.1 constitute transfers which may 
be considered proportional to the temperature difference between 
the calorimeter water at B and the ambient air surrounding the 
jacket at C. Conduction, convection and radiation may all be 
represented by a product of a constant and the temperature 
difference if that difference Is not too large. 

For this general class of transfers, the rate of heat flow, 
dQ/dt, will be represented by D (T R -T). A theoretical treatment 
of this transfer will be found In Appendix F. 

If the temperature dependent transfers are made to constitute 
losses from the system by making the water temperature, T, larger 
than the room temperature, T R , and if such losses can be made to 
balance the gains from the non- temperature dependent transfers, 
then the net transfer rate, dQ/dt, will be zero and the system will 
remain at constant temperature. In practice this is rarely 
obtainable, but at least the rate of change of temperature can be 
made smal 1 . 

5.4 Initial Temperature Variations Following Asse mbl.y 

Whenever the system Is assembled, there follows a period in 
which the Interior temperature Is changing in an attempt to reach 
an equilibrium condition. The transient is affected by the stirrer 
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action, transducer power, and the Initially different temperatures 
of water, flask, jacket, bomb, etc. 

Flo. S shows the temperature variation for a 93 minute period 
following assembly. The shape of this curve depends on the Initial 
temperature difference between the water and the surrounding air. 

In this case that difference was 1.2 to 1.5 C®. A constant slope 
Is not reached, In theory, for a very long time, in practice, 
the subjective judgement that the slope has become constant depends 
on the precision of the temperature measurement and the time 
interval of observation. In the figure, constant slope appears to 
have been attained after about 75 minutes, the value being 3.3 
mIHIdegrtes per minute. The temperature difference between inside 
and outside the calorimeter is continually changing since most 
laboratory areas are not temperature controlled better than perhaps 
♦ 0.5 C® over a 15 minute pe lod. 

Such small changes would not affect systems used to .;ieasure 
large quantities of heat. In the case of small quantities, 
attention must be paid to whether or not the sjope of the T vs t 
curve Is changing rapidly enough to produce a measurable effect on 
the results o* an eighteen minute Initiator test. This Is speci- 
fically -k -5 for In the Operating Procedure In Appendix C. 

It wa* round that If the calorimeter water were 2 to 3 C° 
above the surroundl ngs , the slope was close enough tc zero that 
It changed very slowly. The waiting period prior to a test could 
then be as short as fifteen minutes, just enough time for the 
stirring and transducer energies to establish Initial heat flow 
PaVis to the room and to accomplish a nearly uniform temperature 
between the water, vacuum flask wall, and bomb. Variations In belt 
tension will also affect, the required temperature difference. The 
chief criteria are that the rate of change of temperature be small 
and relatively constant o^rr th&> nominal eighteen minute initiator 
test period and that at least fifteen minutes has elapsed since 
the stirring began. 

5.5 Thermal Time Constants. 

fwurr W M W »H*IH.III** W ll| i»' W IWHiW» « i»iiH | liHW»«iU« I W>M»W I «»W 

/•ppi 1 catioiv of a fcent energy pulse to a thermal system or a 













19 


sudden temperature change between the interior and exterior of a 
system produces a thermal pulse, the effect of which decays slowly 
with time. Two specific applications are cf interest here: 

(a) A change of ambient air surrounding the system 
induces a change cf thermal gradients affecting 
the water temperature. 

(b) A heat pulse Is supplied to the interior of 
the bomb by an Initiator or during calibration. 

This pulse is subsequently detected as an 
increase of water temperature. 

Time Constant for Transfer From Water to Surroundings 

The entire calorimeter assembly was placed in a freezer at 
- 1 7 °C to -20°C. The calorimeter water temperature was monitored 
over a five hour period during which it reduced from 24*C to 7°C. 

A plot of the logarithm of AT/AT maw vs time Is shown In Fig. 15 
in Appendix F. This semi-log plot yielded a time constant of 
8.5 hours. 

A value of 9.0 hours for this constant was obtained from 
Fig. 14 in Appendix F. The theory relating to these values also 
Is discussed in this appendix. 

The approximate 6 % difference between the values is not 
important but rather the fact that the time constant Is quite 
long. A nine hour time constant means that it will take nine hours 
for 63% of an imposed change In AT between the room and the water 
to be observed as a change of water temperature. It takes five 
time constants or 45 hours for 99% of the change to be accomplished. 
It would therefore appear that the system is well insulated. 

This is misleading in that the water temperature sensor detects 
changes of 1 millidegree. It is appropriate here to calculate 
how long it should take the water inride the calorimeter to change 
1 millidegree following a change In AT across the calorimeter 
insulation of 0.1 C° (about the limit of stabilization for a well 
controlled laboratory). 
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at « at 

max v ' 

0.001 » 0. 1 (l-e~ t '' f ) 

o’ t/T • 1 •• • 0.9$ 

t/ r - .01 

t *• ,01 x MG minutes 
*■ 5-4 minutes 

In general* for room temperature variations 100 times the temperature 
sensor resolution, the sensor will detect the change after H of a 
time constant. 

It Is concluded that because thli 3,4 minutes Is less than 
the 18 minute test interval, changes In room temperature should be 
minimized. Fig. 11 in Sec. 6.2 shows the effect of turning the air 
conditioner on and off. 

Time Constant for E nergy Pulses 

During an Initiator test, ft is recommended in Appendix C that 
a time of six (or perhaps twelve) minutes be allowed for the energy 
Dulse to be completely detected by the rise of water temperature, 

The Initiator energy is released chemically in a fraction of a second 
but the heat from this flash of flame (and possibly molten ash) must 
be transferred through the bomb wall to the calorimeter water to be 
detected. An estimate of the time constant for this transfer was 
desirable since VMIRL was not going to perform any tests using actual 
1 nl tl ators . 

Fig. 10 in Sec. 6.2 shows a typical pulse produced by electrical 

heating. This pulse appears to produce an exponential temperature 

rise. A plot of the logarithm of AT vs time measured from the actual 

curve to a correspondl ng point on the dotted line above It (which 

corrects for the rise due to room temperature) was linear, except 

for a small initial time period. Fig. 6 shows the results of six 

such plots, three using the capacitance discharge method and three 
2 2 

using the RI t method. In the RI t method the energy for the pulse 
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was supplied over a 70 second Interval at a constant rate. Using 
the capacitor, the energy was supplied at an exponentially decreasing 
rate with an electrical time constant, RC, of 25 seconds. The 
resistor Inside the bomb was transferring Its heat through air to 
the Interior bomb wall. The slopes of these curves are essentially 
equal, yielding a time constant of 117 seconds. 

It should be noted that the Initial periods of nor.-l 1 nearl ty 
on the plot a-e longer for the RI 2 1 method than for the capacitor 
method but that this does not affect the final slope value and 
time constant. 

To Improve this transfer, about 8 gm of the 250 gm of calori- 
meter water was placed Inside the bomb. Fig. 7 Is a semi-log plot 
of i . T vs time, again using both the capacitor and the R 1 2 1 cali- 
bration methods. The results are similar to those discussed above 
except, for a time constant which Is 35 seconds. 

It Is concluded that the time constont for heat transfer from 
the Initiator to the calorimeter water will have an upper limit of 
about 117 seconds and a lower limit of about 35 seconds. It coild 
be closer to this latter value If an appreciable amount of molten 
ash Is projected against the bomb wait since this should speed the 
transfer. The very short time required for the chemical energy to 
produce heat energy 1$ an 1 ns 1 gnl f 1 cant factor compared to the time 
constant for transfer. 

The six minutes allowed In the calibration procedure of 
Appendix C was clearly verified by the fourteen pulses plotted in 
Fig. 11 of Sec. 6.2 in which the 8 gm of water was used Inside the 
bomb. Six minutes Is 8.5 time constants which theoretically Includes 
99.98* of the complete energy pulse. Since a typical temperature 
rise Is 180 ml 1 1 1 degrees with a reading accuracy of 1 mlllldegree 
or 0.55%, the time allowed to essentially complete the pulse should 
be that for 99.45% of the pulse or 5.4 time constants- If 5.4 time 
constants are necessary for an Initiator test which allows 6 minutes, 
then the time constant for an Initiator pulse transfer should be 
5.4/6 or 0.9 minutes which might be possible since It was shown above 
that the resistor In air gave a 2 minute thermal time constant. 
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Should subsequent tests on the actual initiator by others indi- 
cate a longer time is needed, the operating procedure of Appendix 
C should be modified to increase the middle time interval {for 
pulse temperature rise) to 9 or even 12 minutes rather than the 
6 minutes presently specified. 
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6. EVALUATION OF VMIRL DESIGNED BOMB 

The components of the VMIRL bomb are shown In Fig. 1 of Sec. 3. 
Detail drawings of each part are shown In Appendix B. The parts 
of the Parr model 1411 Calorimeter into which the bomb fit 9 , are 
ohown in Fig. 3 in Sec. 5 . 1 . FI gv 8 Ts a photograph' of the entl re 
apparatus used in determining the water equivalent. 

6_. 1 Water Equivalent - Approximate Calculation 

Theoretically the water equivalent of a system can be 
obtained by summing the products of the mass and specific heat 
of the individual components. In practice this is not completely 
successful but a lower limit can be obtained using those components, 
the temperature of which must vary by the temperature variation of 
the water with which they are in contact. In this design, those 
components include: 


(a) 

25C gm of water in the vacuum 

fl ask 


(b) 

approximately 200 gms of bomb 
17-4 PH stainless steel 

made 

of Type 

(c) 

16 gm of pressure transducer 



(d) 

12 gm of sti rrer 



(e) 

18 gm of bomb support (wire) 



(f) 

metal temperature probe(s) 



(g) 

some allowance for the inner 
the vacuum flask. 

glass 

wall of 


Approximate values for items (b) through (g) might total 270 
gms. Assume all these components have a specific heat of 0.10 
cal/ym C° yielding a water equivalent of 

(250 x 1 ) + (270 x 0."!) = 277 cal/C° 

6.2 Water Equivalent - A ctual Measurement 

In theory, the water equivalent, h, is obtained by dividing 
the quantity of heat energy added, Q, by the temperature rise, AT, 
which it produces or h * Q/AT. 




Fig. 8. Photograph of Complete Instrumentation 



27 


In practice, the- bomb placed under waiter in the calorimeter 
reaches a temperature equilibrium rather quickly with the well- 
stirred water but rather slowly with the remainder of the calori- 
meter which must have established within it some temperature 
gradient through its layers of air, metal, glass and bakelite. In 
Sec. 5.3 it was shown that the thermal time constant for the 
entire calorimeter system was about 9 hours. In Sec. 5.4 the 
stablization period was discussed. 

It is well known that bomb calorimetry techniques include an 
allowance for the rising or falling of the water temperature at a 
slow rate dependent upon whether the interior is gaining or losing 
heat due to its surroundings. A typical curve from which the 
value of AT due to an energy pulse must be extracted might be one 
of the following: 



9 ~ hncryy Puk see w/th Different 3/opes 
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In (a) the original and final slopes are so nearly Identical 
that the rise, AT, may be measured at any point between the parallel 
lines. In (b) this Is net so and AT must be read at some point with 
in the transient period, that point being selected based on some 
fraction of the transient period to compensate for the different 
slopes. 

In this report, considerable care Is taken to assure that these 
slopes are so nearly equal that It Is possible to measure this AT 
conveniently, at the start of the energy pulse (Initiator or cali- 
bration), without substantial error. The actual procedure for 
taking readings is outlined in Appendix C (Initiator tests) and 
Appendix E (calibration tests). 

Fig. 10 Is a plot of a typical curve obtained when an energy 
pulse of about 50 calories was supplied to the bomb via electrical 
heating of the calibration resistor. The plot uses a scale In which 
each small division represents 1 mlllldegree centigrade. On such 
a scale the slope of the temperature-time plot Is very evident. In 
this study, data was taken over periods of typically several hours 
with 50 calorie energy pulses supplied to the bomb about every 15 to 
25 minutes. In this way a reliable slope could be determined prior 
to, and following, each pulse. 

The rise, AT, was obtained by extending the slope following the 
pulse backward to the start of the pulse and measuring the rise 
there, 179 mi 1 1 1 degrees on the sample shown. 

2 

The energy supplied is calculated from 81 t using for R the 
corrected resistance obtained by subtracting the lead resistance 
from that for lead plus resistor. The current is read from the 
voltage across a 10.00 ohm precision resistor and the time from an 
electrical timer readable to + 0.1 seconds for which an estimate to 
0.03 seconds is possible. Precisions are as follows: 

In R, 303.1 + 0.05 ohms from a Wheatstone bridge whose 
accuracy was verified with Leeds and Northrup standard 
resistors of accuracy + 0.01ft. The overall precision of R 
is judged not to exceed 0.05ft Including connector resistance. 
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In t, simultaneous application of the energy to the 
bomb and starting of the timer is assured by using a common 
switch in the circuit shown in Appendix B. The precision 
of t is 70.0 + 0.07 sec or + 0.10%. This makes some 
allowance for the inertia of starting and stopping the 
timer which allowances tend to partially cancel. 

In I, the digital voltmeter reading the voltage across 
the 10.00 ohm resistor has a resolution of + 1 digit in 
four or 1.001 + 0.001 volts. This meter accuracy was 
verified using a potentiometer readable to 1 digit In 5, 
the standard voltage cell of which had been recently 
checked. The precision of I is thus estimated to be 
0.2%, that of 1^ is then 0.4%. 

Combining these percent precisions by taking the square root of 
the sum of their squares, one obtains \/. I 2 + .05 2 + .4 2 = ^1725 3 0.41 % 
as the precision of the energy calculation. 

Typical measurements of AT from the graphs or from the data 
taken at specific six minute intervals (as in the procedure of 
Appendix E for calibration) indicate precisions of 180 + 2 milli- 
degrees or about 1%. 

Values of the water equivalent , h , then have percent pre- 
cisions due to Q/AT of \/o . 41 2 + l z = \/l.l73 3 1.08%. That is ; the 
precision of h is essentially that due to the AT measurement. It 
should also be remembered that of the total water equivalent of 284 
cal/C°, 250 is due to actual water inside the vacuum flask and the 
bomb. A possible precision of + 0.2 cm in a volumetric pipette and 
some allowance for improper drying could introduce an additional 
inaccuracy in h of 0.5 in 250 or 0.2%. It seems safe tc conclude 
that h can then t>e relied upon to less than + 2% conservatively. 

See Error Analysis - Appendix A. 

Fig. 11 is a plot of a series of 14 energy pulses applied to 
the bomb without a change of water in the surrounding calorimeter 
between pu'ses. The scale is broken to show all 14 pulses. The 
values obtained for each of these trials are listed in Table 1. 
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These were determined from plots like that of Fig. 10. The method 
of Appendix C using data at specific times was applied to this same 
data and the resulting values of AT agreed with the graphical 
method exactly or differed by no more than 1 millidegree as shown 
in the last column of Table 1. The water equivalent was determined 
to be 283.8 cal/C 0 with a standard deviation, a, of 1.37 cal/C° or 

0. 5%. This value was obtained from 12 trials summarized in Table 

1. It should be emphasized again that this standard deviation is 
low because these pulses were applied without a change of water 
(250 cal/C°). If a possible deviation of 0.5 gm in the water used 
is added to the above, the standard deviation could be 3.3 cal/C° or 
1.2% (see example in Appendix A) which remains well within 
acceptable limits. This value should apply to Model 1 or Model 2 
since their masses are Identical within 0.03%. It should apply 
equally well when the initiator replaces the calibration resistor 
plug since this results in an increase of mass of 4 gm or about 

0.4 cal /C° , 0.15% of h. 
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TABLE 1 

SUMMARY OF WATER EQUIVALENT CALCULATIONS 


250 gm of Water (Includes 8 gm inside bomb) 


t Method 

R = 303. 

1 excluding 

leads t * 69 

sec . (approx) 

Trial 

Energy 

Pulse 

Calories 

Temp. Rise 
by graph 
C° 

Calc. Water 
Equivalent 
Cal /C° 

Temp. Rise 
by formula 
C° 

1 

49.38 

0.174 

283.8 

0.174 

2 

51 .or> 

.179 

285.2 

.179 

3 

51.31 

.179 

286.6 

.178 

4 

50.36 

.177 

284.5 

.177 

5 * 

49.50 

.172 

287.8 

.171 

6 

50,59 

.179 

282.6 

.178 

7 

49.71 

.176 

282.4 

.176 

8 

50.49 

.179 

282.1 

.179 

9 

50.09 

.177 

283.0 

.176 

10 

50.30 

.1775 

283.4 

.176 

11 

50.23 

.178 

282.2 

.177 

12 

49.70 

.174 

285.6 

.175 

13 * 

50.79 

.176 

288.6 

.176 

14 

101.80 

.358 

284.4 

.359 


Average of 

12 trials ,. 




Standard Deviation o * 

1.37 or 0.5* 




2a ” 

2.74 or 2ei,1 to 

286.5 


* 

This trial was discarded before averaging, It wait affected 
by turning off the room air cc *Hfcioner just prior to the 
trial. See Fig. 11. Turning on the air conditioner does 
not alter the room temperature as suddenly. 
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Table 1 Indicates two standard deviations, 2a, is 2.74 yielding 
a range of 281.1 to 286.5 cal/gm. 2a in a Gaussian distribution 
should contain 95.4% of the values. In Table 1>11 of the 12 (92%) 
are within this range. Had there been many more than 12 trials the 
standard deviation of the mean would be expect* d to be 1.37 /JTl ■ 0.4 
cal /C 0 or 0.14%. 

Two trials, numbers 5 and 13 In Fig. 11, were omitted from the 
average In Table 1. As explained in Sec. 5.5, a sudden and sizeable 
change In room temperature will affect a test. Trials 5 and 13 
were performed immediately after the room air conditioner was 
turnad off. The room temperature was rising sharply during the next 
20-25 minutes (a total rise of about 2 C° In each case). This had 
a marked effect on the slope during the latter part of that period. 
The effect of turning on the air conditioner was far less pronounced 
because the room temperature changed more slowly when decreasing on 
a hot day than when Increasing. 


Data to determine the bomb water equivalent was taken with the 
same apparatus following the VMIRL tests by Mr. Frank Krleger of the 
Harry Diamond laboratorl es . Details are listed / n Appendix G. 

Table 1 In Appendix G lists 12 usable values obtained without 
changing water. These yield an average of 284.3 eal/C* with a 
standard deviation of 2.3 or 0.8%. When this average Is combined 
with three other runs In which the water was changed, the average 
water equivalent Is 284.8 cel/C* with a standard deviation of 2.1 
or 0.7%. This is in good agreament with VMIRL valuat and confirms 
the accuracy of loss than It in the bomb constant. 


6 ■ 3 P reisurt Tpl 1 1 ng 


An eerly bomb design utilized an unsupported neoprene gasket 
between the bomb cup and cap. This gasket design was Improved as 
suggested by the Farr Instrument Co. to include a teflon gasket with 
a machined seat in the cap. It was believed that this alteration 
would improve tec* ability of the gasket to withstand the design 
pressure «>f 1000 p* » . Details of the gaiknt, yaixet see', vte.» ere 
shuwn in the drawings In Appendix B 
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Both the neoprene and teflon gasket designs were pressure tested 
In the Physics Department of the University of Virginia using a dead 
weight tester having a useful range to 2400 psl. The unsupported 
neoprene gasket held at 1600 psi for about five minutes. Failure 
after that was due to the gasket being extruded Into the threaded 
portion of the nut along the outer and unsupported edge. 

The model with the supported teflon gasket set In a grooved 
seat e*.s shown In Appendix 8 held at 2400 psi with no leaks under 
a water Immersion test. A 2600 psl pressure was applied and there 
was no leaking visible but accurate and prolonged testing was not 
possible because this value exceeded the upper limit of the test 
facility. 

During this testing the pressure transducer developed a leak 
at 1000 psi which Increased markedly at 1600 psl so that extra 
tightening of transducer components was necessary. Leaking also 
appeared at the tapered screw threads between the pressure trans* 
ducer fitting and the cup body. This was eliminated b/ using two 
layars of teflon tape «n^ by tightening the thread by one or two 
complete turns (this necessitated subsequent machining of the end of 
the fitting which hao then protruded Into the cup by a thread or 
two ) , 

6,4 Volume 

The Scope of Work in Sac. 1.1 called for an Internal volume of 
10 ml. Each of the moduli was checked for conformity to tMs 
specification by weighing the bomb with transducer and then filling 
with water to a point in thu thready of the cap which was estimated 
to be the bottom of the spent initiator. Kewelghtng and subtraction 
yields the water mass added In grew* which It equivalent to the 
colume in ml. Care was txercHed to remove trapped air bubbles. 

MOOU 1 •• V ♦ 0 06 ml. MODCt ? 9.60 ♦ 0 05 ml. 

1 he Inaccuracy the measurement n due to an inability to exactly 
duplicate the level of filling, 
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6. 5 Cycling Time 

The Scope o' Work In Sec. 1.1 called for a recycle time of less 
than 1 hour. This time depends on the speed with which an Individual 
technician can disassemble, clean and reassemble the calorimeter In 
addition to the stabilization time and time for the test run. 

These latter two times are fixed at 15 min and 18 min, respec- 
tively, for a total of 33 min. If 20 min Is allowed for 
disassembly, cleaning and reassembly, the total time if 53 min 
which Is within the requirement. The 20 min period would seem 
reasonable for an experienced technician after several trials. 

It should be noted that the test runs conducted by VMIRL were 
all calibration runs, none being with actual Initiators. It was 
shown In Sec. 5.6 that the thermal time constant for the Initiator 
tests could be longer than for a calibration test because of 
poorer transfer. Should this prove to be the case the time for the 
transient due to the energy pulse might have to be Increased from 
6 min to 9 or 12 min but this should still not exceed the one hour 
total for recycle time. 

6.6 Thermometer Compar ison 

A Hewlett Packard Modal 2801 A Quartz Thermometer was the 
primary Instrument used. The sensor Is a quartz crystal having a 
frequency of oscillation which Is temperature dependent. It If 
enclosed in a 3/8" diameter by 11/16" long stainless probe connected 
by a miniature coaxial cable. The electrical circuitry Includes 
a frequency counter with digital readout directly in *C. Two 
probes are available for readout using push buttons. Readings may 
be taken to a resolution of 0.01, 0.001, or 0.0001 *C, the sampling 
time being 0.1, 1, and 10 seconds, respectively. Calibration, 
1’near'ty, and stability errors are In the order of a few hundredths 
of a degree, Calibration end linearity errors are Insignificant 
for temperature difference measurements Short term stability is 
♦ 0.0001 C*. f M s instrument with probes It valued at over $3600. 

A less expensive instrument would be desirable If It were 
equally sultad to this application. The Parr Instrument Company 
provided on loan their Model 1661 Calorimetric thermometer menu* 
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factured by the Yellow Springs Instrument Co., Yellow Springs, Ohio. 
(YSI Model CT 11) This Instrument, valued at about $2000, has a 
thermistor as a sensor enclosed In a 0.150" dlam. by 10" long probe 
(only about the last 3/4" need be immersed). Its range Is limited 
to 20 to 30°C with a resolution of 0.001 C° and a sampling rate 
estimated to be well under one second. Provision Is made for 
zeroing the Instrument and for an Internal calibration check by 
push buttons on the front panel. Temperature rise measurements over 
a 3 C® span ar claimed by the distributor to be repeatable to 

* 0.002 c*. 

These two Instruments wfp. used slmul tancously on several test 
runs and the less expensive thermistor thermometer appears equally 
suitable for the application described here. A Model 1656 Digital 
Printer is available for a permanent, tape record. A Model 1654 
Autcmetlc Programmer Is also available for actuating the printer 
reading mechanism on a preset schedule of readouts. Neither of these 
letter Items was tested. 
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7. CONCLUSIONS AND RECOMMENDATIONS 


A bomb useable ir< a commercially obtainable calorimeter was 
designed and two models were fabricated and tested with the following 
specifications (Refer to Scope of Work Sec. 1.1 for design goals): 

(1) Predicted precision for measuring a 50 cal pulse 
from an initiator of + 1 cal. 

(2) Static pressurl tested to 2600 psi. 

(3) Internal volume of 9.6 cc and 9.85 cc + 0.5% 
for two models fabricated. 

(4) Fitted for use w1*:h one pressure transducer. 

(5) Made of Type 17-4PH Stainless Steel which should 
be suitable for at least 1000 cycles. Easily 
accessible for cleaning. 

(6) Recycle time of one hour was ba;ed on calibration 
tests end estimated to be that for Initiator tests. 

(7) Water equivalent measured as ?83-8 cal/C 6 with a 
standard deviation uf 1.37 cal/C* in repeatability 
tests. Predicted standa-d deviation Including 
error of various operators In weighing water Is 
3.3 cal/C* or 1.2%. 

(8) Operating procedure and calibration procedure 
provided separately in an appendix. 


bo c il tests of initiators were performed. It Is recommended 
v.-t# ' * lowing subsequent completion of these by NASA, the operating 

procedure be reviewed for possible changes In the time Interval 
(T^-7^) allowed for equilibrium to be attained. The standard 
deviations the water equivalent calibrations and Initiator tests 
of $ubttqu«.'t operators would be of Interest In a continuing 
evaluation of performance at least for some Initial test porlod. 
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APPENDIX A - S?R0R ANALYSIS 


Intro due tl on 


To assess the pre sion of the various quantities calculated 
from experimentally measured values requires a knowledge of the 
precision of the experimental quantities and the application of 
appropriate statistical data treatment of J :hese precisions depending 
on whether they enter the calculations in a sum, difference, 
product, quotient or aised to a power. 

It would also be helpful to identify the relative effect of 
the precision of each experimental quantity .he pr vion of 

the final result - ?*he 'Iculated quantity of heat fr .1 n '•xper.- 
mental test on a given initiator. 

Distinction Between Absolute Prtcision and Percent Precision 

As an example, suppose an experimentally determined average 
value of a quantity is 81.2 and its standard deviation from a number 
of determinations .5 + 0.4. Its absolute precision is +0.4. Its 
percent precision is 0.4/81.2 or + 0.49%. 

R ules for Precision of C alculated Quantitie s 

The f oHcwing are generally accepted methods for obtaining the 
precision of a quantity calculated from an equation involving the 
addition, subtraction, multlol 1 cation, etc., of a group of 
quen*^ ties . 

(a) Multiplica ! on and Division - The percent pre- 
cision of u product or quotient {or of a 
combination of these) Is the square root of the 
c:m of toe squares of the percen t precision of 

t, ** 1 n /I vi dual firms in the product or quotient. 

(b) Addition and Subtraction - The absol ute precision 
of a sum or difference {or of a combi nation of 
these) is the square root of the sum of the 
squares of the absol ute precision of the individual 
terms In the sum or'dYfference . If the experi- 
mental quantity Is multiplied by a constant before 
addition or subtraction, the rule for handling 
percent precision in multiplication must first be 
apbl led. 
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(c) Quantities Raised to a Power - The percent pre- 

cision of R n is n times the percent precl si on of R. 

Inspection of the above rules indicates that the precision 
calculation for a quantity involving the mixture of sums, products, 
powers, etc., will require the computation of both absolute and 
percent precisions and a conversion from one to the other for 
different parts of the calculation. 

Quantities and Approximate Values 

Table 2 includes quantities that must be determi ned by experl - 
mental measurement and ones calculated from these measurements. 
Experimental quantities have precisions that depend on the quality 
of the measuring instrument and or the individual making the 
measurement or operating the instrument. In those cases in which 
a repeat measurement (or trial) Is possible, a standard deviation 
for a group of trials can be obtained. In other cases such as for 
a voltmeter reading, the precision must be estimated from (1) the 
least reading on the scale of the instrument and (2) the Inherent 
accuracy of the instrument as determined by calibration or comparison 
with a documentable standard. In this table a combination of the 
above precisions has been made and the values shown are those 
typical of this study. 
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TABLE 2 

PRECISIONS OF EXPERIMENTAL AND CALCULATED QUANTITIES 


Approx. 
Percent 
Preci sion 

Expt. 

or 

Calc. 

Quanti ty 

Nominal 

Value 

Approprl ate 
Equation for 
Calc. Quart. 

1% 

E 

Temperature Rise 

AT 

= 

0. 178C 0 


0.2% 

E 

Water Heat Capacity 

h w 

s 

250 cal /C° 

1% 

E 

Capaci tance 

C 

= 

0.084 F 



E 

Voltage on Capacitor 





0.2% 


- Initial 

v 0 

3 

100 V 


2% * 


- Final 

V F 

= 

70 V 


0.05% 

E 

Resistance 

R 

3 

300 ohm 


0.2% 

E 

Current 

I 

= 

0.1 A 


0.1% 

E 

Time 

t 

3 

70 sec 


\J. 05 2 +.4 2 +. I 2 

C 

Cal i b . Energy Pulse 

G 

3 

210 J 

G = RI 2 t 

= 0.41% 







4.1% 

(see example) 

C 

Calib. Energy Pulse 
(alternate method) 

G 

= 

210 J 

G = 1/2 CV 2 

1.1% or 4.2%** 

C 

Water Equi valent 
( total ) 

h 

3 

282 

cal /C° 

u _ 0.239 G 
h Af— 

10% or 37%** 

C 

Water Equivalent 
(excluding water) 

h‘ 

s 

32 

cal/C° 

h ' * h-250 

1.6% or 4.3%** 

C 

Initiator Energy 
Pul se 

Q 

B 

50 cal 

Q » hAT 


* Includes allowance for dielectric absorption error. 

** Second value is for calibration by capacitor discharge method. 
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Explanation and Examples 

If each initiator test were preceded by a calibration without 
a change of calorimeter water and if it could be assumed that no 
water were lost in the operation of replacing the calibrating 
resistor with the initiator, a water equivalent, h (nominally 284 
cal/C°) and the initiator energy, Q, would not depend on the pre- 
cision of the water measurement. For a series of cal i brati on runs 
the water need not be disturbed at all, in which case a calculated 
precision predicts a repeatabi 1 i ty which includes the precision of 
the temperature and energy pulse measurements. 

Another calculation of precision is needed to predict the 
repeatability of the calibration among groups of such runs using 
water reweighed between each group. Reweighing between’ each 
initiator test is recommended and this possible source of uncertainty 
must be evaluated in this error analysis. 

To accomplish this it is necessary to separate the water 
equivalent, h, into two parts: 

1. h, , = me due to the water - 250 ca1/C f 

w 

2. h' due to the bomb, stirrer, walls, etc. about 
32 cal /C° 

It will be noted in the treatment which follows that this results 
in a large uncertainty in h' but this uncertainty does not reappear 
in Q because it is diluted by the precision of h... The treatment 
also makes it clear how uncertainties might be evaluated in the case 
of a careful technician who performed the calibration followed by 
a careless operator who performed the Initiator tests. If the 
reader wishes to do such an evaluation, he may use a low uncertainty 
for the 250 used In h 1 and a high uncertainty in the 250 used in Q 
in the following examples. 
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Example for Calibration Data: 
h' 


G h 
AT ’ h w 


.239 (210 ± . 4 %) . 

"T.17& ±T*y “ 250 * • z% 


- (282 ± 1.1%) - (250 ± 0 . 2 %) 

- (282 ± 3.1) - (250 ± .5) 

■ 32 ± 3.2 * 32 ± 10% Cal / C° 


Example for Initiator Test: 

Q - HAT = (h 1 + h w ) AT 

= [(32 ± 3.2) + (250 ± .5)] [.178 ± 1%) 

- (282 ± 3.3) (.178 ± 1%) 

= (282 ± 1.2%) (.178 ± 1%) - 50.2 ± 1.6% 


Note in the calculation for Q that h = 282 ± 3.3 has a slightly 
increased uncertainty over the value in the h' calculation because 
another water sample is involved, not a reuse of the same water but 
the 10% uncertainty in h' is diluted to 1.2% In the new h because 
of the large mass of water compared to the non-water items. 

Example for Alternate Calibration by Capacitor: 

G ■ \ C (V 2 - V 2 ) 

= \ (.084 ± 1%) [(100 ± . 2%) 2 - (70 ± 2%) 2 ] 

= (.043 ± 1%) [(10000 ± .4%) - (4900 ± 4%)] 

= (.043 ± 1%) [(10000 ± 40) - (4900 ± 196)] 

« (.043 ± 1%) (5100 ± 204) 

= (.043 ± 1%) (5100 ± 4%) = 214 ± 4.1% joules 


A precision of 0.2% is used for the 100 volt reading which is 
dependent only on meter accuracy while 2% Is used for the 70 volt 
reading since the dielectric absorption produces an above normal 
reading unless adequate time is allowed for voltage recovery of an 
electrolytic capacitor before taking the final reading. A careful 
technician with practice could reduce this uncertainty considerably, 
possibly to 0.4%. 



C onclusions 

The largest contribution to the uncertainty In the measurement 
of the water eoulvalent, h, is caused by the uncertainty of the 
temperature rise* AT (somewhat less than 1%). 

A measurement of the water equivalent, h, should be repeatable 
to 1.13 for a group of rurs without changing the water. Several 
such groups should be repeatable to 1.23. The meesw.^d heat 
generated by a given initiator should be accurate to K63. 

2 

The preferred calibration method using for \r. energy pulse 

should bo accurate to 0-43. The alternate method using a capacitor 
discharge can be relied upon to 43 or less depending on the amount 
of dielectric absorption exhibited by the electrolytic capacitors 
used and the technician's care in correcting for It. 


46 


APPENDIX B - DETAIL DRAWINGS 

80MB ASSEMBLY 47 

CAN 48 

CAP 49 

NUT 50 

FITTING 51 

CALIBRATION PLUG 52 

BENCH HOLDER FOR BOMB 53 

COVER CLAMP 54 

CIRCUIT DIAGRAM - BOMB ENERGY PULSES 

- RI 2 1 Method 55 
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APPENDIX c 
OPERATING PROCEDURE 

This procedure utilizes the Parr Instrument Company Model 1411 
Combustion Calorimeter with slight modifications to accommodate the 
VMIRL bomb design. It is specifically intended for the measurement 
of small quantities of heat, typically 50 calories. 

The inclusion of the names of specific equipment manufacturers 
is Intended to convey the type of Instrumentation needed and that 
used by VMIRL in preparing this report. It does not imply that 
equivalent equipment by other manufacturers could not be used. 

It is recommended that the user familiarize himself with the 
"Instructions for the No. 1411 Combustion Calorimeter", Parr 
Manual No. 1?8, for the general operating procedures for this type 
calorimeter. Items used by VMIRL have been designated using the 
letter designation found in the above manual. 

Equipment List 

The following items from the Model 1411 Parr Combustion 
Calorimeter were used without modification, not used, or modified 
as Indicated below: 

I tern 

A 
8 
C 
F 
G 
H 

.1 thru N and 
D, E, and ? 

0 


O escri p tion 

Calorimeter Jacket 
Calorimeter Cover 
Cover Support Stand 
Calorimeter Can 
Vacuum Flask 
Dumb Support Assembly 


Not Modified 
Modi fled 
Not Modified 
Not Modified 
Not Modified 
Modi fled 


Sti rrer Drl ve Bel t 


Not Used 
Not Modified 
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Modi f i cations 

Item A - Calorimeter Jacket . This part was not modified, 
however, the terminals and cable for the ignition circuit were not 
used. 

Item B - C alorimeter Cover . The thermometer support rod was 
not used. The stirrer drive shaft was extended 4.7 cm by addition 
of a bakelite shaft extension. This was necessary to place the 
stirrer in the reduced volume of water and also serves to reduce 
the heat losses from inside the cal ori meter. 

Item H - Bomb Support Assembly . This wire support was not 
long enough to support the new bomb in the reduced volume of water. 

A new longer bomb support was constructed so that the bottom of 
the VMIRL bomb would be approximately 1 cm from the bottom of the 
flask. 

Add 1 1 i ons 

The following items were added by VMIRL specifically for this 
appl i cati on : 

Item Q - Bomb Assembly . This item, made of stainless steel 
(type 17-4), consists of four parts: can, cap with Teflon gasket, 

nut, and transducer fitting. See the first sheet of Appendix B for 
the assembly of these parts. The 3/8" threaded hole In the cap 
accepts the initiators or the calibration plug. The transducer 
fitting also has a 3/8" threaded hole for the pressure transducer. 

Item R - Model 2801A, Hewlett-Packard Q uartz Thermometer . This 
equipment is accurate, for temperature differences, to 0.001 C°. 

It has a digital display with two probes and two channels. If a 
unit with only one channel is to be used, an additional thermometer, 
reading to 0.1 C° will be needed to read the room temperature and 
to aid in adjusting the temperature of the calorimeter water 
initially. 

It em S - Model 587 Mill Kistler Pressure Transducer Assembly . 
This item consists of transducer, cable, and power supply for 
monitoring the pressure simultaneously with the heat measurement. 
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Ite m T - 2«012. N219-7 Parker 0-R1nqs (two required) . These 
0-rlngs are used for pressure seals for the Initiator In the bomb 
cap and for the pressure transducer In the bomb fitting. 

Item U - Electric Timer . A digital seconds timer Is preferable# 
but a clock with a sweep second can be used so that readings can 
bo taken at prescribed Intervals to the nearest 1/2 second. 

Item V - Bench Holder for Bom b. See the drawing of this 
Item In Appendix B. 

Item W - 500 ml Beaker . This Item Is used to adjust the Initial 
temperature of the calorimeter water. 

Item X » 25 0 ml Volumetric Pipette . This Item Is used to 
measure the calorimeter water. Other size pipettes may be used 
providing th; t the water can be measured correct to 250 ♦ 0.1 ml. 

Ite m V - Cover Cla mp This clamp supports the thermometer t r# -„'bt 
at the correct position in the vacuum flask and allows for passage 
o* cables to the pressure transducer and the Initiator (or call* 
Prating resistor). 5 , re drawing In Appendix B. 

Item A A ■ Ad justable Wrenches (3/4 11 and 1-1/4" capacity) . These 
are used to t1gh-*n and loosen the bomb nut, the Initiators, and 
the prestu e traM.iuc tr. 

Iter. BB - T eflon Tape. This is used as a pressure seel for 
tx# transducer fitting In the stde of the bomb can. 

'ML^MAidns for Cal < bratro n On ly 

Th® following items are used In the calibration of the 
calorimeter . for convenience, several of these Items may be 
mounted on a hoard with th# bench holder, pressure transducer power 
cuoply, and a chassis with the necessary electrical circuitry. 

LtJU ?_ kL T shown 1ft Appendix B, 

screws into the top o? the bomb cap and has attached to It a 300 
ohm, v watt, resistor. P Microdot Type 3;-l7 subminiature femal# 
f‘tt*«g Is screwed lr.,0 th® top of ths calibration plug for the 

electr’cal connection. 
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IUft PP v CaJ 1 brttl on Cl rcw 1 t . Wired per diagram In Appendix 
B » this Item consists of a double pole, momentary contact switch 
to simultaneously energize the calibrating resistor and the timer 
for the RI 2 t method. It also contains a precision 10 ohm resistor 
adjusted to less than 0.1* and a double pole doubin throw switch 
and dummy bomb resistor. 

Item EE - Electric Timer . (In addition to Item u) A digits 
timer having a resolution of 0.1 sec which can be estimated to 
0.03 sec. 

Item fr -Digital .Voltmeter . Simpson Model 460 or equlvaisr . 
accuracy of 0.1* with four digit display. 

Note: Accuracy of 0.1* Is desirable for the voltege 

reading across the 10-00 ohm resistor calorimeter. 

No particular accuracy Is requlrad for the voltmeter 

used In calibrating the capacitor (if tMs method 

Is used) so long as it Is linear. 

XLem GG - Whea t stone &r1doe . Leeds and North rup Cat. No. 

4760 or equivalent - 0.01* accuracy, readable to four significant 
figures fcr measuring the resistance of the calibration plug 
rerlstor in tha bomb, the 1«ads to this resistor and the resistor 
used to calibrate the capacitors (If this method Is used). 

iiM . HH ^ Ppjiar S_uiLpjy . A variable 40 volt well regulated 

supply H needed for the lalUratlon circuit, Item 00. Ability to 
maintain a constant current of about 100 ma to within 0.1* through 
300 o/ims for fQ 5fc Is required. 

T*e following item* are needed, In addition to aome of the 
previous Items, If the alternate calibration method by capacitor 
dls-hargt is usfcd. 

JiJ.ILii LltclASilt • T *o 3?*ague Model 360 “Powerly tl c" 
ccpacUors - 3fe,O0Q microfarad at 100 V0C - or equlvilant. These 
are used to §to*e fhe electrical energy u»ef for calibration. 

(lee circuit diagram In Appendix 8.) 


I 

I 

I 

I 

I 

I 

l 

l 


I 

I 

f 

I 

I 



Appendix 8, this Item consists o< two nominally 36,000 microfarad, 

100 VDC capacitors (Item *M) wi red 1 a parallel, • nominal 1,000 ohm, 
Is precisian ret *»tor with associated switches and terminals , 

UlB-lL.- Km,t Ilttii*. * 100 volt mrt, (iMkl, 

of supplying 2.6A Is not dad for the cal Ibratlon circuit, Item KK , 

The 2.5A rating may be reduced If the 40 ohm resistor in tha 
capacitor charging circuit It inertaatd proportionately . 

PrM.trlPjJtfitJaafe 

Stop 1 , 8a certain that tha Interior surfaces of tha bomo art 
cleaned of any material remaining from previous rum, *1so be 
certain that tha #60 drill hole In tho pressure transducer fitting 
Is opeA. If necessary, remove the fitting, clean and retighten 
with two layer* of teflon tape. The 3/8" opening In this fitting 
must be up and aligned with the axis of the can as shown In the bomb 
assambly drawing In Appendix 8. The end of the pipe threads should 
be flush wltn the Inside of the can. 

Step 2 . p lace the can In the pinch holder. 

&tiP- 3. Place the cap with the teflon gasxot on (he cen, place 
the nut over the cap, and tighten with a wrenen. 

Step 4 . Screw the pressure transducer Into the fitting using 
one o 4 tha 0-r'ngs ss a snai. Tighten wi th a wranch. 

Step 6. Seraw an Initiator into the cap using an 0-rlng us a 
seal, Tighten U th a wrench. 

Step 1 . Turn the electron*!; ihei momete<’ on and allow It to warm 
up. Fill a *>00 ml beaker more then half way with distilled weter 
or tap water. Adjust the temperature of the wato.'’ to /.$ ♦ 0./ C 4 
greater ’han room temp«#rstut * . To no this, u^e the two probes of 
the Hewlett-Packard thermometer wi;n on* *,r the room and the other 
stirring the water. If an electronic thermometer with only one probe 
used, then a mercury In glam thermometer, correct to 0.1 £*, will 
be needed to measure the room temperature , 



IlMJt- Of th# water adjusted ;n Step I, meatur# 210 *0.1 ml 
wHh a calibrated volumetric pipette. 

iiiii cdftafrt that the vacuum flask i § clean and dry from 

previous ufte. 

the measured water into th# vacuum f^aik, being 
careful not to spill or splash on the sides of the Hu*. 


lAfiL.l Hue the vacuum flask, with water inside, Into the 
calorimeter can. 


UMJL.1 ■ the calorimeter can into the calorimeter 

Jacket 

iUitJ' Connect tne appropriate cabins to the tramducer and 
the Initiator which are mounted on the pomp, he certain that % no 
cables past* through the hole in the calorimeter cover. Turn the 
transducer power on 

IMULA* ***»<■* iho bomb assembly on the modified wire bomb 
Support iseewbly and iowis’ into *o* vacuum flask The bomb assembly 
should be on tee side of th# vacuum flack away fro« th* calorl- 
mater cover pm ho‘,e. (Thu msatmiies t K e dlstanrt between tn* 
stirrer and the suspended components ) Se certei-i that the water 
covers the metal parts of the bomb and connectors. 

f\Mk ). I'lace the probe of the thermometer through the hole 
m the calorimeter cover and aojuit so that the end of tne probe 
is 1/ to I? $ cm below the bottom of the cover, Thu u done wifh 
the cover clamp that fits m th* hole and supports th# thermometer 
probe 

Carefully put the calorimeter cover in place, it U 
necessary to sat that th© probe u fr©# in the weter, that the 
slack u taken out of the transducer and initiator cables, and that 
the stirrer does rot touch tne cables or bomb assembly Turn the 
stirrer by hand to bn certain it u not touching 



lAti. . h, itirrer drive belt in p1er« an 4 itirl the 

Mj.jM the b*U gyfflelfntly |9 ft^wlt &«U vibration 

(©v#f tightening will produce unwanted betting tr®m the stirrer 
Marl nf ) , 


tMJiiALJM ^ l#if *«*• NH* for Shot# following tMf procedure for 
th* first tine ) 

It will be necessary to tike si* temperature reading! to 
0,001 C® it tht times (In minutes) Indicated by th# subscripts 
bp low: 

V V V hr t h* T ia 

iVlfcJ, • StiPt t ft # stlppfi running end it low It to run for* it 
liilt 10 and preferably l| minutes oafore starting tht test. This 
• stibl 1 that the temperature gradients within the calorimeter and 
improves tea correction to th# apparent temperature i*1t«. 

kUULJL' H«Pt th# timer md r§ id tht temperature. Thli la 

t q* bead th# temperature again three minute* later, Thl* H T^. 

Not# tht difference, T.-T.. * 

* 0 

iUP.,.1* Mhif1 the timer Indicates » 1 x minutes, read T fi and 
nott tht dl f ference , T 6 - 1 3 . If T^Tj differ* from t 3> .t o by 
0.001 C* op lest, flrt th# 1 n 1 tl i top within 10 seconds of . 

If this difference is more than 0,001, ptstt tht tlmar md start 
temperature reading* 0 v#p, 

HtiLi- Continue to Ptad temperatures at II?, IS and IB minute*. 
Ihtst art ^1S' largest piPt of t r> e total tempera- 

turn rise should be ovtr by 1 % minutes, 

(This stap and the associated calculation* may hive to 
bt modified following subsequent tests by NASA on actual 
Ini ti atop* . ) 

Note: 7© faiMlUMte th# operator on tha first use of the 1n*tfument, 

tht temperature of tha wattr and atmosphere should bt taken 
at three ^Inut# Intervals fop a two hour period, varying the 
room temperature, tha atlfrar bait tension and turning on and 
off tht transducer power, Appendix f» contains a sample of 
data taken by the Harry Diamond Ufeoretorl «» , 



UjULl* aopartnS temperatura rls t 1* Tjg-Tg. Co«put« thM. 

fJUUtJ- C*»#€K on tha fi©paritura gradlanti within tha calorlis- 
afr ©r the 1 inaarl ty ©f tha heat loiiat Of gains as follow*: 

U) T 3 -r 0 should bi within 0,001 C* cf TyT-j. 

{ h } Tjg-Tj^ should ba within 0.001 C® of T^-T.., 

In tome (©§«» this may &<? «i much at 0,002 C*. 

If© 3 . Chack to it* that the boat lottit or gain* art naarly 
equal before an© after the firing by computing T 18‘ T 12 and T^-Tp, 
f hat© should be naarly aqua) but In no caii dlffir by more than 
0,004 C®. 

»■ Th w trui temperature rite It thi apparant rlia minus 
T 18“ T 12* Mot# th<s correction can ba positive or negative. 

St §p i, Tht total heat ralaatad by the Initiator It aqual to 
the water equivalent of the calorimeter times the trua tamparatura 
rl ta . 
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TAIL! 3 

t»ATA SHUT POR OPERATING PROCEDURE 



T 

T 

T 


0 

3 

6 


«•» l^kMM-tnwtnueaifl 


sjisAUtim. 


V T o 

V f j 


At t.<n> T e> It <» nocnt ury to If l^-Tj H 'Ithln 0.001 C* of 

W If It ii, flr» within 10 loei.nds of T>. If ft li not, r*j«t 
timer and start over, 


T 


12 



12 * 


T 

T 


15 

18 


T 1 H“ T 1 5 " 


T 15' T 1? 5hou1d be 0-001 C* of T, 8 -T |2 ( neve* 4 more than 0,002). 


T 

T 


- ” T - • 
6 0 

1 fl" 7 1 2 


CL 


T 18’ T 12 ,t,ust be w1tb1n 0.004 C° of Tg-Tg 
Apparent Temperature Rise * T^-Tg * 

Subtract Correction * T 1rt «T,„ * - 

lo 1 2 * ” ■'■«—•»•» 

True Temperature Rise ■ AT « 

Heat Released * True Temperature Rlse'x Water Equivalent 

" - C° x cal/C 0 ■ _ cal 
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Am&DiX 0 • CAMCIT0A ASUAIMtNT 

When « charged discharges through a resistive circuit 

the voltfg® tr.rv si th# capacitor versus time U 9lven by! 

v * v $ “ ^ 

0 

Th« don vatlon of this expression can be found In most ®>««®ntery 
physics texts. the time constant, if AC and is the reciprocal 
of tht slope o * th* straight line *<hieh results when In \f 1$ 

plotved versus t 

To measure a capacitance requires a charging circuit and a 
resistor of known value through which the capacitor may be 
discharged. 


Batiwy or <*' 

Co nz/ijn't - 

V C t0 f L UK-i 

Supply dpdT •Swl'k-.h 


■*— y w 

4=1 A 


Vo/hmd&r or 
tS‘hri/o Chart" 

„ Recorder 


A small resistance r <s used in the charging circuit to prevent 
a severe transient from being imposed on the power supply or 
battery when the charging begins. It should be remembered that 
the charging process is also exponential having time constant 
( rt r b > C w(lere thG battery resistance, r fe , has been Included. After 
five time constants, the charging or discharging is 99. 3f# complete. 
This Is a convenient number of time constants to keep In mind. 

i 

To obtain 200 joules of stored energy requires the u£« of 
large capacitances or high voltages. To utilize voltages less than 
100 volts requires somewhat less than 10® microfarads. Such capa-1 - 
tances are only available ir? electro lytlcs which exhibit dielectric 
absorption effects. These effects produce a curve of in V vs t 
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which 1* somewhat non-linear for large value* if t. The slope, which 
is Inversely proportional to the capacitance , decreases steadily as 
shown in fig. 12. This was obtained using 2000 ohms and the discharge 
was monitored for about an hour. The capacitance computed from the 
slope varies from an Initial value of about 0.09F to a final value 
of 1 . 1 r . 

The above effect makes It Infeasible to utilize energy over the 
entire discharge. The effect Is small end negligible at the higher 
voltages. Hence a discharge in th© region from 100 V to 75 V will 
be quite linear and the energy can be computed by »* ( - V*)/2 
although this is more Inconvenient since the initial and final 
voltages must be measured. 

A plot of the discharge over the limited region Is shown In 
Fig. 13. Calculation of the time constants Is shown on the graph in 
addition to the value of C calculated from them. 

Tha precision of C depends on three factors. 

(1) Accuracy of the time measurement. 

(2) Precision with which resistance, P, is known 
(and the fact that It is net sufficiently 
heated In the discharge to alter Its value). 

(3) Precision with which the technician draws the 
"best fitting" curve to the points. 

The "time constant" for the discharge is PC which is typtcaily 
175 sec., a sufficiently long Interval that an electric, timer of the 
60 hz synchronous motor type can be used with a digital voltmeter 
to record voltage readings every 15 or 20 sec. Nationwide, the 
accuracy of the 60 hz frequency is about G.03% barring easily 
detectable transients from lightning, surges, etc. Accuracy in 
timing Is thus limited only by the operator's accuracy In reading 
the voltmeter at th# proper time intervals. 

Voltmeter accuracy of 1 digit in a three or four digit figure 
1 s attainable. Absolute accuracy is not necessary her© since only 
rolatlv© vcltage readings are required for the graph. A precision 
of less than one percent is attainable, for the four plots In Fig. 

13 the average Is 0 0842 F with a standard deviation of 0.00057 or 
0 . 7X. 
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ft tin be measured using • Wheatstone bridge, the accuracy of 
which hat been vtrlflad using appropriate standard reilitort. 

Thete usually have an accuracy of 0.11 o* better. A box bridge 
typically has four resistance dials and the galvanometer used with 
It should be of sufficient sensitivity that a change of one digit 
in the fourth significant figure is detectable. 

In drawing the best fitting curve It Is most Important that 
all the points have been plotted correctly and that they span a 
total length on the graph paper of S to 10 Inches. If the plot 
significantly departs from a straight line by exhibiting definite 
curvature as opposed to scatter .the data should be discarded and 
a new trial taken, for a single calibration a quick and suitable 
test of the probable precision Is to draw three straight lines and 
measure the slope of each. The middle one of these llnss Is the 
“best fit" by the technician's judgement. The other two lines 
would lie one on either side of the “best fit" and would represent 
the fit selected by a “reasonably careless" person. The percent 
precision of the slope thus obtained would be the percent pre- 
cision of C assuming the resistance and the time had percent 
precisions which were quite small (less than 1/2% for these purposes). 

for convenience, the charge/dlscharge circuit for capacitor 
calibration Is Included with that for the bomb constant. The 
circuit is shown In Appendix 8. 
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APPENDIX E 

CALIBRATION PROCEDURE - WATER EQUIVALENT 

Two alternative electrical calibration methods for determining 
the water equivalent have been tested. Each utilizes energy generated 
by electrically heating a 300 ohm - 5 watt resistor immersed In water 
Inside the bomb. 

In one method, heating is accomplished by the current from a 
voltage regulated power supply for a measured time. The energy 

generated is the product of the resistance, R, the current squared, 

2 2 
I , and the time, t. It will be referred to as the RI t method. 

The other method utilizes the discharge of a capacitor through 

2 

the resistor. The energy generated Is C V / 2 where C Is the capaci- 
tance and V Is the voltage to which the capacitor was initially 
charged. A procedure for measuring C is given in Appendix D. 

Circuit diagrams for the components used in each method are 
given in Appendix B. 

The following procedure is for determining the water equivalent. 

A complete calibration requires about 2 1/2 hours. 

Preparing the Calorimeter Water 

Step 1 . Turn on the electronic thermometer and allow it to warm 
up, about 15 to 30 minutes. Fill a 500 ml beaker more than half way 
with distilled water or tap water. Adjust the temperature of the 
water to 1.8 + 0.2 C° greater than room temperature. (See footnote 
below) To do this, use the two probes of the Hewlett-Packard 
Thermometer with one in the room and the other stirring the water. 

If an electronic thermometer with only one probe is used, then a 


Note: For a test run as described In the Operating Procedure 

2.8 + 0.2 C e Is used. For the Calibration Procedure this Is 
reduced by 1 C 6 to allow for a number of repeated runs with 
the same water without attaining calorimeter temperatures 
much in excess of room temperature. 


72 


mercury in glass thermometer, correct to 0.1 C 0 , will be needed to 
measure the room temperature. 

Preparing the Bomb 

Step 1 . Inspect the resistor for any obvious defects in the 
acrylic coating used to insulate its leads, particularly the lead 
to the center of the plug (the ungrounded lead). If a defect is 
observed, repair the cc ting by respraying. 

Step 2 . Be certain that the interior surfaces of the bomb 
are cleaned of any material remaining from previous runs. Also 
be certain that the #50 drill hole in the pressure transducer 
fitting is open. If necessary, remove the fitting, clean and 
retighten with two layers of teflon tape. The 3/8" opening in 
this fitting must be up and aligned with the axis of the can as 
shown in the bomb assembly drawing in Appendix B. The end of the 
pipe threads should be flush with the inside of the can. 

Step 3 . Be certain that the vacuum flask is clean and dry 
from previous use. 

Step 4 . Connect the calibration plug to the small lead wire 
and measure the resistance of the combination on a Wheatstone 
bridge whose accuracy has been verified to better than 0.1%, 
preferably 0.01%. Record the value obtained. 

Step 5 . Disconnect the calibration plug and replace with a 

Microdot 31-57 female plug, .the terminals of which have been 

shorted together. With the Wheatstone fridge measure the lead 

resistance alone and record the value obtained. Subtract this from 

the value in Step 4 to obtain the corrected resistance for use In 
2 

the RI t calculation. 

Step 6 . Place the can In the bench holder. 

Step 7. From the water adjusted In Step 1 of the previous 
section, measure 250 ml t 0.1 ml with a calibrated volumetric 
pipette . 

S tep 8 . Pour about 8 ml of water from the pipette into the 
bomb can. Be certain that some water enters the transducer fitting. 
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HfJLj- tM if in# i$3 ©t §f pr#p#r#J water 

*Mo in# vacueai flask b#ifty c#r#f«t net u if«H if splash an in# 

v * ?# * e* in# t task , 

f \fi' * v * '•« tfifia^utsf p v * i t i i n finder liffit y|!rt| 

& 'I P « f I . i f i ■ « t **. * >3 $ | ; 1 1 ] . 

lit# v* ‘ **•«• tM cep #»♦« IN teflon fiUn Oft th# ««R| 

pint in# Avi .* v# p m# cap, inf i«fM #n nun i wrench, 

J},te^ U H*c# t«# plug I H in# up ##4 screw 

fir»ijr fcy| fiat)*? tight ( i#*fc«ge of water from th# flask into the 
bomb will no t msttir) . 

&MARfeJ i G4L JM„ ' iLW'.tAU UC 

UMELl the vacuum flask, with water inside, Into th# 

c * 1 0 r 1 . 0 # t« ^ can, 

$.\&! l .$.' th# calorimeter can into th« calorimeter jacket. 

.lL*JL J,i, Connect th# ippropriate cables to the transducer and 
tr* calibration plug whUh are counted on the bomb. 8# certain that 
th# cables pass through tha hoi# in the ca I orimeter cov#r. 

ItJXj. ■ Piece the bomb assembly In th# modified wire bomb 
support assembly and lower into t‘;n vacuum flask. The bomb assembly 
should b# on ton side of th# vacuum flask away from the calorimeter 
cover pin hoU. (This maximizes tht dlstancu between th# stirrer 
end • >e suspended components,} b« certain that the water covers the 
metal parts of th# bomb and connectors. 

Ul£j.* M c c f. th# probe of th# the rr.iometer thr ough th# hole 
in the caloMfliettr cover and adjust so that the end of the probe 
is 17 to 17.5 rm h#low the bottom cf tn# cover. This is done with 
th# cover cl imp that fits in thy hole and supports the thermometer 
probe. 

lJUUl.Jt' Carefully put tho calorimeter cover in place. It is 
necessary to set th** the probe is fra# (n me water, that the slack 
is taker put of th# transducer and resistor cables, and that th* 
stirrer does nut touch the cables or bomb assembly. Turn th# 
sU-'r#r by hand to b# certain it is not touching. 


H 



L J • k**d connections end electronic supplies , 

(a) Connect the transducer lead (miniature 
46#I(UI cable with Vtfliitl connector) 
td Hi power supply *h?T«rft the n&wer ON. 

( b 5 Connect the calibration resistor Had 
(miniature coexUl cable with t»wih 
connector) Into Hi female receptee It Oft 
the slot of toe breadboard chassis. 

(Circuit diagram in Appendix 0.) 

(t) Aiug tht ton ti» itcond dloital timer Into 
Hi rtcaptacle on tht calibrating circuit 
chaim and turn tht t1 m tr twitch ON 
(tht one on the timer itttlf). 

(d) Coftfttct th* conitant voltage supply to 
the calibration chains, turn tht supply 
ON and sat tht voltage at about 3$ V. 

H) Connect the digital voltmeter to tht black/ 
green terminals on tht calibration chassis. 
*et the voltmeter to read • nominal 1 V 
and turn tht powtr ON. 


Sttp 2 . On the calibration chassis, stt the double pole 
double throw switch to the dummy resistor position and close the 
momentary contact switch. Verify that the seconds timer cuts on 
and off proporly when the momentary contact switch is depressed. 
With this switch ON, adjust the power supply voltage so the volt- 
meter reeds very close to 1 V (this makes the dummy resistor 
current 0.1 A) . 

Step 3 . Reset the timer to zero and switch the double pole 
double throw switch to the bomb resistor position. 


The Calibratio n Run 

Unlike the Initiator tests, it Is not necessary to change the 
calorimeter water between runs. Therefore one run may be begun 
Immediately following the preceding one. A waiting period of about 
15 minutes after beginning the stirring 1 b required to stabilize 
the temperature conditions. After that, the Initial run requires 
18 minutes as follows: 6 min constant temperature rise* $ min 

energy pulse detection, and 6 min new constant temperature rise. 



f wbt # # f- 1 ® I # | * ®4y i* «|®5 * #t$P? If iM |1§t# 

tH# t#H # «*« per is# isf ffe« pre «§df n§ ftfft « Jit ## *)§## i<* thf firtt 
| ill f# ffcf «##l ry* 

tt will t-- •* ftf^fitify |p tiki t#fff7# r§ t ure riidtft#* t# W.OOt *C 
it tHf ttm«l (tn i»1«uttl) IMHitfd fey *M lutffeCftpti b#Uw. 

T o* T r T i* T u* T iv T i8' f ii* hv T io* T ii* #u * 

SUB 1 . Th# idi'fir, which Mil startid iirtler, IhPwld b# 
allowed to fun it least 10 minvUs flowing thf 1 1 m# thf tfifil* 
dueer power wi» turned ON, ThU establishes reasonably uniform 
condl tlons . 

S tiP l, St«rt tne ttmtr and reed the temperature, This Is Tg. 
Reid the tempera tu» e again thre* minutes liter. This is Tj. Note 
the difference, T^-T^. 

Step 3 - When the timer Indicates si* minutes, reed T* end note 

^■OMMwfcNMiMen R 

the difference Tg^T^. If Tg*T.j differs f^om T^-Tq by 0.001 C w or 
less, depress the momentary contact swltcn on the calibration 
chassis to begin the heating puls® to the bomb within 10 seconds 

of Tg. If the difference Is more than 0.001 C% reset the timer 

and start temperature readings over. 

S tep 4. Read and record the digital voltmeter reading as often 
as convenient but at lea 1 t once every 15 or 20 seconds, more 
frequently If It changes more than 0.001 V. 

Step 5 . After 67 »;o 70 seconds energy pulse duration, release 
the momentary contact , witch and record the Indicated time t.o the 

nearest 0.03 sec. RESET the timer to zero. To reset timers using 

electrical reset, throw the double pole double throw switch to the 
dummy resistor position. 

Ste p 6 . Continue to read temperatures at 12, 15, and 18 minutes. 
These are T^, T^g, and T^ Q . The largest part of the total tempera- 
ture rise should be over by 12 minutes. 



zmttwn% k% \t i? wt*e 

#1 i K f i «©w iPpUti. ffe# n# ir t ryn *#y fen 

4 * •* tid 1 / 1^1 UM titft Chstil @fi fa® pr 4 jy!©yi dlti #r# 

«#yl iffei# I# vtpsfy INI t>® IteptfilyPt flit u reetilntftf centum 
tl f#1Hwt: 

Tj| Ih^yl4 fe# w'lMft 0.001 C* ©f Tj |»f j £ . In 
46fNI Ctltl «M$ «®y fe# 4t myc* #8 0.002 C # . Chick 
I© M* IM» Ifet hi*t 1©$f#i ©r g©1ni tr# nearly 
*hu*1 fe®f©r® and #f ttr firing fey computing * 18' T 12 
and T^-T^. Thtti ihould b® nearly equal but In no 
case differ fey more than 0.004 C*. 


§JJIP„ 2 j. a * 18 minutes, depress tht momentary contact switch 
to btgln a second neat puls** to the bomb. 

Step 8 . Record the digital voltmeter reading at least every 
15 to 20 seconds. 

Step . After 67 to 70 seconds, release the momentary contact 
switch and record t lie time to the nearest 0.03 sec. PcSET the 
timer to zero. , 

Step 1C . Continue to read temperatures at 24, 27, and 30 
minutes. These are 127 . and T 3Q . The largest part of the 

total temperature rise should be over by 12 minutes. 

Step 11 . Continue sequence for successive runs until 12 runs 
have been completed. 

Step 12 . Use the Wheatstone bridge to remeasure the resistance. 
If it has changed as much as 2 ohms from Its earlier value, the 
acrylic coating has probably deteriorated and the data should be 
discarded. 
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f s U y 1 1 r.j. 


The apparent temperature r 1 Be Is 1 , . .* T 

* I 


ru*. for the stcen^ run It 1 % T»*»! 


$ 


thil riff far each r un. 


74 '18 


then U.“T 


36 '30 


for the first 
etc. Compute 


Step 2. Check on fhe temperature gredlent* within the calorlme -,er 
or the linearity of the heet losses or gains as follows: 


Tj-Tg should be within 0.001 C* of Tg- 


3' 


Also ^18*^15 


be within 0.001 C* of T 


15 


b.twj.n T 30 -T 27 and r 27 -T 24> 


12 ’ 
etc . 


The same comparison should be made 
Some of these differences may be 
as much as 0.002 C*', but If any are more than this*, the preceding 
run must be discarded from further calculations . 


Step 3 . Check to see that the heat losses or gains are nearly 
equal baforo and after a run. Compare with T^-Tq and 

7 30" T 24 l 'l8“ T 12' etc * These should be nearly equal but In no 
case dlffor by more than 0.0C4 C 0 , If the difference Is more than 
0.00* C°, discard the run In question. 


Step 4. The true temperature rise Is the apparent rise minus 


the correction. For the first run the correction is T 


18 


■T 12 , for 


the second ^un the correction is f ° r the third It Is 


T 42 -T 36* etc ‘ 


Compute all of the true temperature rises for runs 
chat passed the earlier tests. 


Step 5. Average the digital voltmeter readings for each run. 
Divide the average voltage in volts by 10.00 to obtain the average 
current in amperes. Note that these values should nnt differ greatly 
if the power supply was functioning properly. 


Step 6 . Compute the heat released in calories for each pulse 

2 

by the formula 0.239 R I t . R is the resistance In ohms of the 
calibrating resistor, corrected for the resistance of the lead:.; 

I is the average current in amperes from Step 5; and t is tne time 
0 * the puise in seconds measured to * 0.03 seconds. The factor 
0.239 cal/J is a factor to change joules to calories. 


Step ? . Compute the water equivalent, h, In calories per C° 
for each run by dividing the heat released *or each pulse In calories 
by the true temperature rise In C° 
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Statistical Tre atment of Data 

Step 1 . Average the above 12 values of h and determine the 
deviation, d^ , of each Individual reading from the average. 

Step 2 . Square each deviation and average the squares. This 
o 

number Is o and is called the variance. 

Step 3 . Take the square root of the variance to obtain a, 
the standard deviation. 

Step 4. If o is greater than ]% of the mean value of h the 
data shows excessive scatter and the calibration should probably 
be repeated. 

Step 5 . Had a very large number (several hundred) runs been 
made the expected standard deviation of the mean, o , for this 
large group is given by o m = o/ xHT where N is the number of runs 
in the group. 

Note: Because the above runs were all done without a change 

of calorimeter water, the above o does not contain an 
allowance for inaccuracies in measuring the water. When 
groups of runs are done using a change of water, the standard 
deviations for each group may be averaged to obtain a a 
which does allow for this latter inaccuracy. 

References : 

Young, Hugh D.: Statistical Treatment of Experimental 

Data. McGraw-Hill Book Co., Inc., 1962. 

Bevington, Philip R. : Data Reduction and Error Analysis 

for the Physical Science. McGraw-Hill Book Co., 

Inc. , 1969. 



79 


CHANGES IN PPOCEDURE FOR ALTERNATE CALIBRATION METHOD - CAPACITOR 
DISCHARGE 

2 

The following procedure is based on that for the R I t method. 
Only the al tered steps in that method are detailed below. A 
different calibrating circuit chassis is used. See circuit diagram 
in Appendix B. 

Preparing the Circuitry 

Step 1 . 

(c) Omit 

'd) Connect the constant voltage supply (or battery 
capable of supplying 100 volts at about 2 A) to 
the calibration chassis and set the voltage at 
about 100 V. 

,j) Connect the digital voltmeter to the "Read 
Resistance" terminals. Set the voltmeter to 
read a nominal 100 V and turn the power ON. 

Ste: 2_. On the calibration chassis, set one of the DPDT switches 
to "Off" a. d the other to "Chg". 

Step 3 . Omi t 
The Calibration Run 

Step 3 . No change except replace do.pn.a- 6-4 tka momentary contact 
switch by thnoi/J tka VPVT switch ^nom 'Chg' to 'V tAchg' , Head tka 
oottmatan., and nacond a& V. Tknow tka otkan VPVT Aivttck finom 'OFF' 
to 'Bomb' on tka calibnatton .... 

Step 4 . Omit 

Step 5 . When the voltmeter reads about 70 V , throw the DPDT 
switch from "Bomb" to "OFF", Note and record the voltmeter reading 
as a tentat i ve val ue , V p ‘ . 

Step 5A (new) . About 10 or 15 minutes later again record the 
voltmeter reading as the final value, Vp. This will be a volt or 
two higher than V p ’ above due to the dielectric absorption effect. 
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The Calculations 

Step 6 - Replace the 0. 239 RI 2 t by 0.2 39 [V 2 -V 2 ) 


Note: The time delay in Step 5A makes this calibration 

method longer since the capacitor must be allowed to 
recharge following the wait and reading of Step 5A. 
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APPENDIX F 

HEAT TRANSFERS - Temperature 
Dependent and Non-Temperature Dependent 


Theory 

In Sec. 5 it was Indicated that small quantities of heat could 
produce noticeable effects In the measurement of the nominal 50 
calories from the Initiator. Such imall transfers were attributed 
to two broad classes; temperature dependent and non- temperature 
dependent. 


Temperature 

Let 



Dependent 



Non-Temperature 

Dependent 

Let 



Transfer tc 
Water and Bomb 


?t * h 

11 

dt 


where dQ/dt = Time rate of heat transfer into the calorimeter 
system 

dT/dt = Time rate of increase of calorimeter water 
temperature 

D = The constant related to all temperature 
dependent terms 

N = The constant related to all non- temperature 
dependent terms 

h = Water equivalent of bomb, water, and calorimeter 

T r = Pmbient temperature (Room) of calorimeter 
surroundings 

T = Calorimeter water temperature 
T 0 - Initial calorimeter water temperature 

Combining terms 

•> n • $ - 0 <V T > + N 


0 ) 
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Thf \ d§p§r?«|fht ,«r®, 0 ( f * « 1 / , f#pr#fc#n U a 

"lw«, .ng" o? terms dug to s©«4ucil ©*, convection and radiation, 

*11 of which may bo ropi'OMintod by * rcmunf. ti»*t a temperature 
difference between the system and it* turrour.di ng* . 

Thf non- temperature dependent term, H , represent* a "lumping" 
cf terms due to viscous friction from stirring th« water, bearing 
friction (which changes with oelt tension and Increases at lower 
temperatures due to stiffening of the lubricant), and transducer 
power. All of these represent heat "generated" from electrical 
or mechanical energy at a rate not depending on the temperature 
(except for the effect due to cold lubricant). 

Evaluation of Hea t Transfer Terms 

Eq. (1) is based on an assumption chat the heat transfer paths 
and thermal gradients have been established for a sufficient time 
that a negligible amount of the dQ/dt term is being utilized to 
produce the gradient or to heat the insulating portions of the 
calorimeter. This near equilibrium condition is called quasi- 
equilibrium or quasi-steady state. For this system experimental 
evidence indicates this condition obtains after 15 to 25 minutes 
while true equilibrium is not reached for 15 to 25 hours. 

Data was obtained during q lies i -s teady state conditions for 
temperature vs time over a wide range of temperature differences, 
Tp-T. If the slope, dT/dt, was constant for about five minutes 
or more and if the water had been well stirred for 15 to 25 minutes, 
it was evident that quasi-steady conditions existed. See typical 
curves in Fig, 11 of Sec. 6.2 for these constant slope regions. 

A plot of dT/dt vs T r -T was needed to experimentally verify 
Eq. (1). Data was not taken specifically for this plot shown in 
Fig. 14. Instead, data from, numerous other tests was used, much 
of it being for preliminary calibration runs and therefore clustered 
near room temperature. Well over one hundred data points are shown 
covering circumstances such as: 

(a) Transducer power ON and OFF 

(b) Belt tension low, moderate and high 
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(c) Awbltnt ttmptritures form -20°C to +30®C 

(0) Rapid ctungoi of room ( lent) temperature due to 
heater*, radiators and air condl tl oners 

(e) Addition of direct conducting paths such as thermometer 
probes, stirrer shaft, and cables 

Mg. 14 should be straight line If Eg. (1) is true. The slope of 
this Mne Is D, the temperature dependent constant, and the "y 
Intercept" Is N, the non-temperature dependent constant. 

0 should depend primarily on the calorimeter construction and 
should be almost constant for all tests shown. On the other hand, 

N should vary primarily according to belt tension although some 
tests were done without the transducer, which also has an effect. 
Changes of D will be seen as a change of slope while an increase of 
N will move the curve of Fig. 14 to the left but remaining parallel 
to the line shown. 

All the data was shown even though there were differing condi- 
tions in some tests in order to show the general agreement with 
Eq. (1). The line selected was a best estimate f or moderate belt 
tension with transducer power on. 

The points on Fig. 14 denoted by an X were obtained from a 
test in a freezer with large temperature differences. To secure 
values of dT/dt, a plot of T vs t was drawn and the slopes from 
this plot were measured. The pairs of data points are due to the 
slope remaining constant for periods of 20 to 60 minutes while the 
temperature difference was two substantially different values at 
the ends of the interval. 

The equation of the experimentally obtained line in Fig. 14 is 

^ ~ 1.86 (T r -T) f 4.4 using units of Fig. 14 
= 0.00186 (T R -T) + 0.0044 deg/mln 

*W<V T > + F Eq. (1) 
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Solving for D and N u s t r. g h * 284 cal/C 0 
0 - 284 x 0.00186 = 0.53 

C nn n 

N « 284 x 0.0044 = 1.25 cal/mln 

These values are probably accurate to + 20% depending on the judg- 
ment used In selecting the best fitting line in Fig. 14. 

Equilibrium Temperature 

It is desirable that determinations of these small quantities 
of heat be done near dT/dt - 0 to balance, as nearly as possible, 
the heat gains and losses. Eq . (1) predicts the equilibrium 
temperature difference as 

0 = D (T r -T) + N 

T r -T = - N/D 

T-T r = N/D = 0.0044/0.00186 = 2.4 C° 

This is also indicated graphically in Fig. 14 by the X-axis intercept. 
Transducer Power 

A communication from the transducer manufacturer indicates the 
rate of energy generation is 

P = VI = 11 x 0.004 = 0.044 j/sec 

= 0.0105 cal/sec = G.631 cal/min 

Stirrer and Bearing Friction Power 

Subtracting P above from N above gives: 

N-P = 1.25 - 0.63 = 0.62 cal/min 

It would therefore appear that about equal amounts of electrical 
power (from the transducer) and mechanical power (from frictional 
and viscous effects) are converted to heat. 
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Calorimeter T hermal Time Constant 
Integration of Eq. (1) yields: 


T 



dT 

D ( T p - T ) + N 



dt 

h 


o 


In 


— 

D(T r -T) + H 


Dt 

h 


D ( Tp-T ) + N = CD (T r -T 0 ) + N] e" Dt/h 


( 2 ) 


This is an exponential as is common for many systems approaching 
equilibrium. If N/D << (Tp-T) then Eq. (2) reduces to 


T _ y = ( t _t \ e “ D t/ h 
'R 1 ' R o e 

or AT * AT e ‘ Dt/h 

max 

indicating that a temperature difference plotted on a 1 ogari tnml c 
scale versus time should be linear, having a time constant T = h/D. 

N/D = Equilibrium Temperature = 2 . 4 C° 
h/D -• 1/0 00186 = 538 min * 9.0 hr 

The above calculations are verified by Fig. 15 which is a 
plot of the logarithm of (T R “T)/(T R ~T 0 ) vs time. The data was 
taken by placing the calorimeter inside a freezer maintained near 
-17°C. The calorimeter water was initially at 24°C so the condi- 
tion n/D << T R -T is reasonably fulfilled (2.4 << 41). Initially, 
points did not fall on the line until quasi-steady state was 
reached. As the calorimeter temperature dropped, the final points 
did not fall on the line probably because at these temperatures 
(7°C) the approximation was poorer (2.4 << 24). The break in the 
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intermediate points was caused by a temporary failure of the freezer 
thermostat resulting in a change of ambient from -17°C to -20°C over 
a 40 minute period after which the -17°C ambient foas restored. 

The slopes on either side of this break are equal and have a 
value of 0.00196 min“^ yielding a time constant uf 510 min or 8.5 
hrs which agrees well with the previous value of h/D of 9.0 hrs. 
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Appendix G 

Calibration of Bomb Calorimeter at Harry Diamond Laboratories 


Data taken during calibration of the bomb calorimeter at the H' ry Diamond 
Laboratories is shown below. Table 1 shows data for l4 runs without changing water. 
Table 2 shows data for 3 runs in which the water was changed each time. 

During each run, the room temperature varied by about 0.2 to 0.5°C. The max- 
imum measured room temperature was 24.233°C, and the minimum was 23.747°C during 
the 14 run sequence. The water temperature was therefore 4° to 6°C above room 
temperature instead of the 1.8°C value recommended by VMIRL, but this did not 
appear to affect the accuracy of the experiment, although the higher temperature 
did cause large negative slopes in the time-temperature curves. For the three 
runs in which the water was changed, the water temperature was about 2°C above 
room temperature, as shown .in Tabic 2. 

The 14 run sequence had 12 usable calibrations which produced a water equiv- 
alent of 284.3 cal/C° with a a of 2.275cal/C° or 0.80%. When this value is used 
with the data for the 3 runs in which the water was changed, a total of 4 runs 
were made with different water samples, and the water equivalent for the four runs 
is 284.75 cal/c° with a or of 2.05 or 0.72%. The data obtained was therefore in 
good agreement with the capabilities of the calorimeter as reported by VMIRL. 



Table 1 

Water Equivalent of Precision Calorimeter Measured 
Without Removing Water 


Run 

Time 

Bomb 

Pulse 

Average V 

Total Heat 

Apparent 

Correction 

True 

Water 

Deviation of 

No. 

(Min) 

Temp. 

Duration 

Across 

Supplied by 

Temp. Rise 

for Heat 

Temp. 

Equivalent 

Water Equivalent 



(°c) 

(Sec) 

10.00 ohm 

Pulse (Cal) 

(°c) 

Losses or 

Rise 

(Cal/C°) 

from Average 





Resistor (V) 



Gains from 

(°c) 


Value (Cal/C°) 








Surroundings 











(°c) 





0 

28.544 










3 

28.537 










6 

28.530 










12 

28.693 










15 

28.685 









1 

18 

28.676 

69.62 

1.005 

50.97 

.163 

.017 

.180 

283.2 

-1.1 


0 

28.672 










6 

28.833 










9 

28.824 









2 

12 

28.816 

69.62 

1.0045 

50.92 

.161 

.017 

.178 

286.1 

+1.8 


0 

28.796 








VO 


6 

28.958 








0 


9 

28.951 









3 

12 

28.943 

69.95 

1.0045 

51.16 

.162 

.015* 

.177 




0 

28.943 










6 

29.101 










9 

29.089 









4 

12 

29-078 

69.78 

1.005 

51.09 

.158 

.023 

.181 




0 

29.078 










6 

29.231 










9 

29.219 









5 

12 

29.206 

69.13 

1.005 

50.61 

.153 

.025 

.178 

284.3 

0.0 


0 

29.206 










6 

29.361 










9 

29.348 









6 

12 

29.334 

69.60 

1.005 

50.96 

.155 

.027 

.182 

280.0 

-4.3 


0 

29.334 










6 

29.486 










9 

29.471 









7 

12 

29.457 

69.78 

1.005 

51.09 

.152 

.029 

.181 

282.3 

-2.0 


Table 1 (Cont) 

Water Equivalent of Precision Calorimeter Measured 
Without Removing Water 


Run 

Time 

Bomb 

Pulse 

Average V 

Total Heat 

No. 

(Min) 

Temp. 

(°c) 

Dior at ion 
(Sec) 

Across 
10.00 ohm 
Resistor (V) 

Supplied by 
Pulse (Cal) 



0 

29.457 





6 

29.606 





9 

29.591 




8 

12 

29-577 

69.50 

1.0045 

50.83 


0 

29.577 





6 

29.723 





9 

29.708 




9 

12 

29.692 

69.30 

1.005 

50.74 


0 

29.692 





6 

29.838 





9 

29.821 




10 

12 

29.804 

69.62 

1.005 

50.97 


0 

29.804 





6 

29.948 





9 

29.93- 




u 

12 

29.912 

69.60 

1.005 

50.96 


0 

29.912 





6 

30.054 





9 

30.035 




12 

12 

30.016 

69.60 

1.0045 

50.91 


0 

30.016 





6 

30.155 





9 

30.135 




13 

12 

30.116 

69.60 

1.003 

50.76 


0 

30.116 





6 

30.253 





9 

30.233 




14 

12 

30.214 

69.60 

1.004 

50.86 


Apparent 
Temp. Rise 

(°c) 

Correction 
for Heat 
Losses or 
Gains from 
Surroundings 

True 

Temp. 

Rise 

(°c) 

Water 

Equivalent 

(Cal/C°) 

Deviation of 
Water Equivalent 
from Average 
Value (Cal/C°) 

.149 

.029 

.178 

285.6 

+1.3 

.146 

.031 

.177 

286.7 

+2.4 





10 

.146 

.034 

.180 

283.2 

- 1.1 

.144 

.036 

.180 

283.1 

- 1.2 

.142 

.038 

.180 

282.8 

-1.5 

.139 

.039 

.178 

285.2 

+0.9 

.137 

.039 

.176 

289.0 

+4.7 



Table 1 (Cont) 


Bomb resistor 303-3 ohms excluding leads before and after calibration runs 

Average value of water equivalent (excluding runs 3 and 4) 284.3 Cal/C° 
o (excluding runs 3 and 4) 2.275 Cal/C°. 

Boom temperature 23-747°C to 24.333°C minimum and maximum during 14 runs. 


*This correction is in error because of a mistake 
the end of the run. Runs 3 and 4 were therefore 


in measurement of time at 
omitted from the calculations. 
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